Outer membrane vesicles (OMVs) are asymmetrical single bilayer membranous nanostructures produced by Gram-negative bacteria important for bacterial interaction with the environment. P. gingivalis, a keystone pathogen associated with chronic periodontitis produces OMVs that act as a virulence factor secretion system contributing to its pathogenicity. Despite their biological importance, the mechanisms of OMV biogenesis have not been fully elucidated. The ~14 times more curvature of the OMV membrane than cell outer membrane (OM) indicates that OMV biogenesis requires energy expenditure for significant curvature of the OMV membrane. In P. gingivalis, we propose that this may be achieved by upregulating the production of a certain inner or outer leaflet lipids, which causes localised outward curvature of the OM. This results in selection of A-LPS and associated CTD-family proteins on the outer surface due to their ability to accommodate the curvature. Deacylation of A-LPS may further enable increased curvature leading to OMV formation. P. gingivalis OMVs that are selectively enriched in CTD-family proteins, largely the gingipains, can support bacterial coaggregation, promote biofilm development and act as an intercessor for the transport of non-motile bacteria by motile bacteria. P. gingivalis OMVs are also believed to contribute to host interaction and colonization, evasion of immune defense mechanisms and destruction of periodontal tissues. P. gingivalis OMVs may be crucial for both micro and macronutrient capture, especially haem and probably other assimilable compounds for its own benefit and that of the wider biofilm community.
INTRODUCTION
Outer membrane vesicles (OMVs) are relatively small, discrete, spherical membranous structures produced by Gram-negative bacteria via vesiculation of the outer membrane (OM) during all growth phases (Figure 1 ; (Kulp and Kuehn 2010) ). Many of these OMVs are released into the environment although a substantial amount can be retained on the cell surface. OMVs range in size from 50 -300 nm in diameter and are composed of a single bilayer membrane that is derived from the OM (Figure 1) . The inner layer is composed of phospholipids whilst the outer layer comprises lipopolysaccharide (LPS). Proteins, usually derived from the OM, make up the other major component of the OMVs (Ellis and Kuehn 2010; Kulp and Kuehn 2010) . Although many studies have documented the production of OMVs over the last 50 years, their importance has been underestimated and OMVs have often been regarded as merely broken cells or artefacts. OMVs have been proposed to act as a highly sophisticated secretion system that can deliver an array of molecular effectors including those involved in cell-cell interactions, nutrient acquisition, host immune dysregulation and modulation, host-cell interaction and biofilm formation. Moreover, the ability of OMVs to disseminate far from the cell enables sessile biofilm-associated bacteria to extend their sphere of influence. Therefore, OMVs are major contributors to bacterial survival and virulence, and hence pathogenicity.
P. GINGIVALIS
Porphyromonas gingivalis is a non-motile, coccobacillus Gram-negative, asaccharolytic oral anaerobe that colonizes dental plaque biofilms in the human oral cavity .
Whilst our understanding of the roles particular oral bacterial species play in disease have changed over the past two decades, there is broad consensus that the highly proteolytic, amino acid fermenting P. gingivalis plays a significant role in either initiation and/or 4 progression of disease (Darveau 2010; Hajishengallis et al. 2011; Socransky et al. 1998) . P. gingivalis possesses a number of virulence factors, many of which are associated with the surface of the cell including representatives of the C-terminal domain (CTD) family of proteins. A CTD protein is one that contains a C-terminal signal sequence that directs the protein once in the periplasm to the recently described type IX secretion system that secretes the protein, removes the CTD and attaches the protein to a novel glycolipid anchor, believed to be an anionic lipopolysaccharide (A-LPS) where they collectively form an electron dense surface layer (EDSL; (Chen et al. 2011; Curtis et al. 1999; Glew et al. 2012; Rangarajan et al. 2008; Veith et al. 2013) . CTD proteins include the well-studied gingipains (RgpA/B and Kgp) (O'Brien- Simpson et al. 2004; O-Brien-Simpson et al. 2003) , peptidyl arginine deiminase (Gully et al. 2014; Quirke et al. 2014 ), CPG70 (Chen et al. 2002) , HPB35 ) and internalin-related proteins (Dashper et al. 2009 ). In addition, a range of lipoproteins, fimbriae and lipopolysaccharide are strongly associated with virulence.
OMV BIOGENESIS
Current evidence indicates that OMV biogenesis is a tightly controlled and regulated process, although the specific pathways are likely to vary between phyla, genera and even species and largely remain to be elucidated (Haurat et al. 2011; Shibata et al. 1999) . Key characteristics of OMV biogenesis are proposed to include outward bulging of OM areas lacking membranepeptidoglycan linkages, enrichment or exclusion of certain proteins and lipids from OMVs, and the capacity to upregulate OMV production without losing OM integrity (Kulp and Kuehn 2010) . OMV biogenesis requires an upregulation of the synthesis of surface polysaccharides, in particular that of LPS, surface proteins, phospholipids and other OMV associated compounds. It is also likely that multiple pathways of OMV biogenesis occur, 5 even in the same bacterium, especially as heterogeneous vesicles have been detected in some species (Pérez-Cruz et al. 2015; Pérez-Cruz et al. 2013) .
CURVATURE OF THE VESICLE MEMBRANE -THE ROLE OF LIPIDS
Like other Gram-negative bacteria, P. gingivalis produces OMVs (Figure 2) . Highly pure preparations of P. gingivalis OMVs demonstrate that they have an average diameter of 80 nm in diameter of which 40 nm is comprised of the EDSL that is composed largely of the CTD family of extracellular proteins and A-LPS, so the diameter of the OMV membrane is ~40 nm (Veith et al. 2014) . The overall diameter of a P. gingivalis cell is ~600 nm and the EDSL is 40 nm thus the diameter of the cellular OM is ~560 nm. Therefore the OMV diameter is ~7% that of the cell OM. The curvature of a sphere is defined as the reciprocal of the radius so as the size of the OMV or cell decreases the curvature of the asymmetric lipid bilayer increases.
To form OMVs that have a diameter that is ~7% that of the whole cell the asymmetric OM leaflet must have a curvature 14 times that of the cell. Membrane curvature is an energy intensive process and the free energy (ΔG) required to form a spherical vesicle from a flat membrane is ΔG∼250-600 kBT (where kBT is the thermal energy), and this is considered a non-spontaneous biological process (Bloom et al. 1991) . Bacteria must therefore have evolved strategies to reduce the energy required for OMV formation as well as mechanisms to sort cargo onto/into the OMVs. A large differential in the amount or type of lipid between the inner and outer leaflets of the OMV must be created in the process of forming a highly curved OMV. Ordering one leaflet but not the other may be a means of inducing budding, for example by direct addition of lipids to one monolayer and not the other (Huttner and Zimmerberg 2001) . This might cause an asymmetry of monolayer areas and thereby increase the intrinsic curvature of the whole bilayer, causing a curling of the membrane away from the side to which lipid is added, thus expanding the monolayer with more lipid and compressing 6 the monolayer with less lipid. A recent in silico study using a complex asymmetric plasma membrane model containing seven different lipids species demonstrated the spontaneous clustering of particular lipid species that resulted in localised curvature of the bilayer surface.
The authors concluded that emergent nanoscale membrane organization may be coupled both to fluctuations in local membrane geometry and to interactions with proteins (Koldso et al. 2014 ). Based on the bilayer-couple model of OMV biogenesis in Pseudomonas aeruginosa, the hydrophobic signalling molecule 2-heptyl-3-hydroxy-4-quinolone (PQS) inserted into the outer leaflet of the OM can interact with lipid A component of LPS that contributes to a low rate of flip-flop between leaflets, causing PQS to expand the outer leaflet relative to the inner leaflet and consequently results in localized membrane curvature and ultimately vesiculation (Schertzer and Whiteley 2012) . Therefore production of particular lipid species in the OM could result in their self-assembly in either the inner or outer leaflet, association with specific proteins and thus reduce the need for energy in OMV biogenesis.
Various studies have compared the phospholipid profiles of bacterial OM to their respective OMVs and shown that although there are many common phospholipids, OMVs may contain specific lipids profiles that differ from those in the OM (Kulkarni and Jagannadham 2014) . A comparison of the phospholipid composition of P. aeruginosa OM and OMVs showed that phosphatidylethanolamine, phophatidylglycerol and phosphatidylcholine were present in both OM and OMV however their relative abundances varied between the two. Phosphatidylethanolamine was the most abundant in the OM whereas phophatidylglycerol was most abundant in the OMV (Tashiro et al. 2011 ). Furthermore, P. aeruginosa OMVs were enriched with saturated fatty acids compared with the OM which was composed of a fairly equal mixture of unsaturated and saturated fatty acids (Tashiro et al. 2011) . OMVs from A. actinomycetemcomitans were found to 7 exclusively contain minor lipids that were not detected in OM samples and OMVs were enriched with cardiolipin (Kato et al. 2002) .
In addition to distinctive phospholipid profiles, bacterial OMVs have also been shown to contain distinctive differences in the LPS profile when compared to that of their parent OM. LPS is a major structural element of the bacterial OM and has three constituent components: lipid A, core oligosaccharide and O antigen polysaccharide. Distinctive LPS profiles of OMV and OM preparations have also been reported in P. aeruginosa (Kadurugamuwa and Beveridge 1995) , furthermore, the type and/or length of LPS O antigen has been reported to affect P. aeruginosa OMV development (Nguyen et al. 2003) . P. aeruginosa synthesizes two forms of O antigen polysaccharide, a neutral form (A-band) and a negatively charged form (B-band), however only the negatively charged B-band LPS was detected in P. aeruginosa OMVs (Kadurugamuwa and Beveridge 1995) . Thus, OMVs could be generated in regions where the B-band moiety is more abundant, bending the OM to release the charge repulsion generated by the negatively charged O antigen polysaccharide (Kadurugamuwa and Beveridge 1995) . The role of the O antigen in OMV biogenesis was analyzed in several P. aeruginosa mutant strains and the mutant strain that only expressed Aband LPS secreted the least OMVs (Nguyen et al. 2003) . Similar results were observed in Escherichia coli and Salmonella typhimurium (Smit et al. 1975) . P. gingivalis also synthesizes two distinct O-antigen moieties, a negatively-charged LPS (A-LPS) and a neutral LPS (O-LPS) (Haurat et al. 2011) . The LPS profile of the P. gingivalis OM and OMVs has been reported to be different, with A-LPS being more abundant on the OMVs than on the OM (Haurat et al. 2011) . Additionally, the deacylated forms of lipid A were found to be particularly abundant in OMVs (Haurat et al. 2011) . MALDI-TOF MS analysis of P.
gingivalis lipid A extracted from whole cells showed that the major forms of lipid A were penta-or tetra-acylated species. However, lipid A isolated from the OMV preparations was 8 comprised mainly of tri-acyl species. These results suggest that the lipid A of OMV may undergo significant deacylation and dephosphorylation. This may be facilitated by LptO, which was also selectively enriched into P. gingivalis OMVs (Veith et al. 2014 ). LptO has structural homology to the 14-stranded β-barrel protein FadL and has been linked to the deacylation of lipid A (Chen et al. 2011 ). Deacylated and dephosphorylated lipid A would allow closer packing of the lipid A anchor of A-LPS-CTD protein conjugates and therefore would allow a tighter curvature of the OMV membrane. Further, other agents that enable a greater angle of lipid bilayer curvature apart from LPS may also promote OMV formation.
For example, three OM lipoproteins (PG1823, PG2105 and PG2106) identified to be preferentially enriched into P. gingivalis OMVs were predicted to function together in forming or maintaining OMV structure, as two of them (PG1823 and PG2106) were predicted to form eight-stranded beta barrels (Veith et al. 2014) . Similarly, in a transposon mutant screening of E. coli, two of the OMV deficient mutants had mutations in genes encoding cell-envelope-localized proteins (ypjA and nlpA), implicating these proteins in OMV biogenesis (McBroom et al. 2006) . Despite a distinct difference in the lipid A compositions of several bacteria including P gingivalis, an analysis of the closely related Bacteroides fragilis showed no difference in the lipid A composition between the OM and OMVs (Elhenawy et al. 2014) suggesting that there are multiple factors governing OMV biogenesis and they may be varied between species.
PROTEIN SORTING ONTO P. GINGIVALIS OMVS
OMV biogenesis has been likened to a highly sophisticated secretion system that allows the dispersal of protein complexes, as well as insoluble proteins, in the correct configuration and orientation. In this manner, cells are able to interact with a wide area of their environment, a particular advantage for sessile bacteria, such as P. gingivalis. OMV proteins include mainly 9 outer membrane proteins (OMPs) but also periplasmic proteins that are protected in the lumen of the OMVs. The protein composition and relative abundances of specific proteins of Gram-negative bacterial OMVs have been shown to differ from the surface of the cell in a number of species (Kulp and Kuehn 2010) . It seems that only a selected set of proteins are packed in the OMVs. Recent evidence has shown that P. gingivalis has a mechanism to selectively sort specific OMPs onto OMVs.
By comparing the proteomes of the periplasm, cytoplasm and membrane fractions of P. gingivalis cells as well as that of OMVs, a total of 151 proteins were identified from OMVs. Of these 151 proteins, 109 were localised to the OMV membrane and 27 to the OMV lumen (Veith et al. 2014) . Sorting of OMPs to the OMVs was determined by comparing the relative abundance of OMPs in the OMV and cell OM proteomes. CTD-family proteins and some lipoproteins were preferentially sorted to the OMVs while Ton-B dependent transporters and proteins with the OmpA peptidoglycan binding motif were preferentially retained on the cell OM (Figure 3 ; (Veith et al. 2014) ). The selective enrichment of all CTD proteins on the OMVs relative to the cell membranes extends the results of Haurat et al. (2011) who found that the gingipains (RgpA/B and Kgp) were among the favored OMV cargo. This indicates that the specific exclusion and/or inclusion of proteins requires certain cues that dictate the proper sorting of the proteins onto the OM and OMVs, at the least, to differentiate between proteins to be retained on the OM or packaged onto OMVs to be secreted. By considering the very different curvature of OMVs compared to cells, this suggests that the major mechanism of CTD protein enrichment may be driven by A-LPS selection (see above) which as the anchor for CTD protein attachment will recruit CTD proteins and allow the necessary expansion of the EDSL to maintain an even coat of surface layer in OMVs. Since each CTD protein has its own anchor, more EDSL per unit membrane implies that the A-LPS anchor must be enriched relative to other lipids.
Four lipoproteins (PG0179, PG0180, PG0181 and PG0183) together with PG0182 are only found exclusively in the OMV fraction (Veith et al. 2014) . Absence from the OM suggests a mechanism whereby these specific newly synthesized proteins are targeted for incorporation into the OM before immediate export via OMVs. OM lipoprotein interactions may play a significant, but as of yet unidentified, role in the mechanism of cargo selectivity and OMV biogenesis. Study of these proteins may reveal novel ties to OMV biogenesis as they are relatively abundant not only in P. gingivalis OMVs, but also other Gram-negative bacteria including A. actinomycetemcomitans, Campylobacter jejuni and E. coli (Nikaido 2003; Ueno et al. 2006 ). Furthermore, proteins that are strongly associated with peptidoglycan and IM are found to be retained in the OM suggesting that this may be a way to exclude certain proteins from being incorporated into OMVs (Veith et al. 2014 ).
Together, this suggests an upregulation of the production of a particular inner or outer leaflet lipid may result in outward curvature of the OM which results in selection of the A-LPS and associated CTD-family proteins on the outer surface as they are able to accommodate the curvature. Deacylation and dephosphorylation of A-LPS lipid A then further enables increased curvature leading to OMV formation.
REGULATION OF OMV BIOGENESIS BY ENVIRONMENTAL FACTORS
OMV biogenesis is an energy demanding process that is most beneficial to the cell under particular environmental conditions and therefore like all similar processes, it will be a tightly controlled, well-regulated and coordinated biological mechanism that enables crucial functions for the benefit of the producer.
OMV biogenesis can be influenced by environmental factors that cause cellular stress.
Stress has been shown to increase OMV biogenesis and this helps bacteria to cope with harsh environments that threaten their survival (Kulp and Kuehn 2010; Manning and Kuehn 2011) .
Environment stresses such as changes in pH and temperature, the availability of (micro)nutrients, bacteriophage infection, and interaction with host cells and other bacteria can increase OMV biogenesis and release from the cell surface (Chatterjee and Chaudhuri 2012; Deatherage and Cookson 2012) . Further, an induced release of OMVs can be achieved by introducing stresses to bacteria such as by inhibiting protein synthesis, lysine starvation which causes autolytic cell wall degradation, increasing growth temperature and adding sublethal membrane active antibiotics to growing bacterial cultures (Collins 2011 ). The addition of serum into growth cultures may also induce the release of OMVs (Necchi et al. 2007 ). OMV production during stress can occur without any increase in cell lysis (Macdonald and Kuehn 2013; Schwechheimer et al. 2014) .
Many of the genes responsible for the overproduction of OMVs in E. coli were found to be related to peptidoglycan synthesis, OMPs and the sigma E stress response pathway (McBroom et al. 2006) . For example, a mutation in degP, which encodes a dual-function periplasmic serine protease-chaperone, caused substantially increased OMV production (McBroom et al. 2006) . degP is upregulated by both the Cpx and sigma E stress response pathways, which are involved in the biogenesis of OMPs and the degradation of misfolded proteins (Meltzer et al. 2009 ). It was proposed that the degP mutant accumulates misfolded proteins in the periplasm which may cause increased envelope stress and/or bulging of the OM and, as a result, induce OMV biogenesis (McBroom and Kuehn 2007), a result similar to degP mutants of P. aeruginosa (Tashiro et al. 2009 ). In V. cholera, OMV production is increased by down-regulation of OmpA levels by the expression of the small RNA VrrA (Song et al. 2008) . Small RNA functions by base-pairing with target mRNAs, and positively or negatively regulates translation and/or stability of these messages (Song et al. 2008) .
Because expression of the vrrA gene requires the membrane stress sigma factor E, the authors suggested that VrrA acts on ompA in response to periplasmic protein folding stress (Song et al. 2008) . The authors also proposed that harsh conditions induce the expression of VrrA, which represses OmpA synthesis and therefore stimulates OMV production and modulates infection of the host intestinal tract (Song et al. 2008 ). An autolysin mutant of P. gingivalis was shown to hypervesiculate (Hayashi et al. 2002) . Autolysins are endogenous murein hydrolases that cleave covalent bonds in the cell wall peptidoglycan and are important for bacterial growth and cell division, including cell division, cell wall remodeling, and peptidoglycan turnover and recycling (Vollmer et al. 2008 ). Therefore, it was suggested that cell wall turnover may play a role in regulating OMV biogenesis (Vollmer et al. 2008) .
Considering all of these observations, OMV biogenesis occurs not only in bacteria growing under normal conditions, but is also a component of multiple stress responses, which is relevant to survival in their ecological niches.
MICRONUTRIENT CAPTURE
P. gingivalis is a haem auxotroph and preferentially obtains haem from haemoglobin through the activity of the gingipains Shi et al. 1999; Shizukuishi et al. 1995) and other cell surface haem-binding proteins (Figure 3 ; (Veith et al. 2014) ). Strikingly many of the known and putative P. gingivalis OM iron-complex transport systems are composed of a haem binding lipoprotein coupled with a TonB-linked transmembrane transporter. The best studied example is the lipoprotein HmuY and HmuR, the TonB-linked transmembrane transporter (Olczak et al. 2001; Simpson et al. 2000) . Expression of the entire hmu locus is upregulated, under haemin-limited growth (Dashper et al. 2009 ). Like HmuY, the haembinding lipoprotein HusA is bound to the cell surface and once dimeric haem is bound, is proposed to deliver haem to HusB, the TonB-linked transmembrane transporter for transport to the periplasm (Gao et al. 2010) . Although HmuY and HusA have the same function in haem capture, HusA has a higher binding affinity to haem compared to HmuY (Gao et al. 13 2010; Simpson et al. 2000; Wójtowicz et al. 2009 ). Several other haemin binding OMPs in P.
gingivalis have been described including OMP26, OMP32, HBP35, HtrE (Tlr) and IhtB, many of which are expressed under low haemin growth conditions (Bramanti and Holt 1992; Dashper et al. 2009; Dashper et al. 2000; Shoji et al. 2010; Slakeski et al. 2000; Smalley et al. 1993 ). This redundancy emphasizes the importance of haem as an essential micronutrient for P. gingivalis.
Both the lipoproteins HmuY and IhtB were selectively enriched onto the P. gingivalis OMV surface whilst their cognate TonB-linked transmembrane transporters HmuR and IhtA remained on the cell surface (Figure 3 ; (Veith et al. 2014) ). The preferential packaging of these haem binding lipoproteins and the gingipains on OMVs suggests an extension in their functionality is important for haem acquisition by acting in concert as haemophores to scavenge host haem by means of an OMV-dependent pathway. HmuY has been demonstrated to act as a haemophore, working together with the gingipains to acquire haem from haemoglobin (Smalley et al. 2011 ). Once P. ginvivalis OMVs penetrate gingival tissue they cause tissue damage and instigate an inflammatory response (O'Brien- Simpson et al. 2009 ).
The resulting inflammation and gingival exudate flow could then return the haem-loaded OMVs back to the biofilm allowing haem transfer to biofilm cells. In addition to providing a source of iron and protoporphyrin IX to P. gingivalis, these OMVs may also provide these micronutrients to many other subgingival plaque bacteria, thereby providing a community benefit that could allow the proliferation of other species. This could be one of the mechanisms that enable P. gingivalis to act as a keystone pathogen to produce dysbiosis.
NUTRIENT CAPTURE
It has been proposed that the OMVs carry out a 'social' function, as the oligo-, monosaccharides, peptides and amino acids resulting from the activity of OMV-located hydrolytic enzymes are available for other bacteria to utilize (Elhenawy et al. 2014 ).
Members of the Bacteroides genus are capable of digesting different polysaccharides via
OMV-packed hydrolases and the products of this digestion can support the growth of other species that are unable to degrade the polysaccharide (Rakoff-Nahoum et al. 2014) .
Gingipains that are preferentially enriched in P. gingivalis OMVs may perform a similar function, hydrolysing host proteins to provide peptides and amino acids as community goods for other bacteria in the polymicrobial biofilm. Taken together, P. gingivalis OMVs may be crucial for both micro and macronutrient capture, especially haem, peptides and amino acids for its own benefit, as well as, a community-wide benefit.
COAGGREGATION AND BIOFILM DEVELOPMENT
Chronic periodontitis is a polymicrobial biofilm-mediated disease and P. gingivalis has been proposed to be a keystone pathogen that enables the proliferation of other subgingival bacteria (Darveau 2010; Hajishengallis and Lamont 2012) . Direct synergistic interactions between P. gingivalis and other species including Treponema denticola and Streptococcus gordonii have been demonstrated in regard to biofilm development and nutrient exchange (Simionato et al. 2006; Tan et al. 2014; Zhu et al. 2013) . It has been shown that OMVs are involved in biofilm formation of some bacterial species (Beveridge et al. 1997; Kulp and Kuehn 2010; Remis et al. 2010) .
P. gingivalis
OMVs allow the coaggregation of various bacteria, either onto the biofilm and/or out of the biofilm boundary. In polymicrobial biofilms formed by P. gingivalis, T. denticola and Tannerella forsythia a large number of OMVs were found on the surface of P. gingivalis cells (Zhu et al. 2013) . It is now clear that P. gingivalis OMVs are selectively enriched with gingipains (Figure 3 ; (Haurat et al. 2011; Veith et al. 2014) ).
Besides the catalytic domain, gingipains also contain non-catalytic adhesin domains and these 15 adhesins have been shown to be responsible for the interaction of P. gingivalis with other bacteria, including T. denticola (Ito et al. 2010; Kamaguchi et al. 2003a; Kamaguchi et al. 2003b ). The enrichment of adhesins onto OMVs may be a contributing factor to the synergistic biofilm formation by P. gingivalis and T. denticola (Zhu et al. 2013) .
P. gingivalis OMVs mediated the coaggregation of Staphylococcus aureus with
Streptococcus spp., and the mycelium-type Candida albicans, Actinomyces naeslundii, and Actinomyces viscosus (Kamaguchi et al. 2003a ). This study demonstrated the ability of other bacteria to coaggregate to oral biofilms on the tooth surface or in the gingival crevice when P. gingivalis was present via P. gingivalis OMVs (Kamaguchi et al. 2003a ). Synergistic interactions between P. gingivalis and T. forsythia have been proposed, where alone T.
forsythia attached and invaded host epithelial cells using BspA. However, when coaggregated with P. gingivalis, T. forsythia attached and invaded host epithelial cells independent of BspA because these processes were promoted by P. gingivalis OMVs (Inagaki et al. 2006 ). This study shows that P. gingivalis OMVs assisted in the enhancement of epithelial cell invasion by T. forsythia by mediating coaggregation of T. forsythia with P.
gingivalis (Inagaki et al. 2006) . A recent study on P. gingivalis OMVs revealed a potential new function of OMVs in biofilms, showing that OMVs can mediate coaggregation between motile bacteria such as spirochaetes and non-motile bacteria, leading to colocalization of the non-motile bacteria by a piggyback mechanism. Addition of P. gingivalis OMVs enabled coaggregation of T. denticola and Lachnoanaerobaculum saburreum via the P. gingivalis
OMVs (Grenier 2013) . This could enable the non-motile L. saburreum and potentially other species, to be transported by the motile T. denticola to a new environment.
Taken together, P. gingivalis OMVs not only aid in polymicrobial biofilm development by interaction with other bacteria through OMV-packed gingipains, they also support coaggregation that assists in attachment to host epithelial cells, as well as, acting as a 16 mediator that encourages the transport of non-motile bacteria by a motile bacteria, which may play a role in biofilm dispersion and proliferation.
OMVS AND THE HOST
OMVs are virulence factors used by pathogens to initiate and progress disease in the host.
The key mechanisms through which OMVs produced by various bacterial pathogens induce inflammation and pathology in the host has been recently reviewed (Kaparakis-Liaskos and Ferrero 2015) . So in this review we will focus purely on P. gingivalis OMVs. P. gingivalis
OMVs are relatively small, stable, adhesive and protected from host-derived proteases. They have a large surface area to volume ratio of concentrated virulence factors, largely the gingipains, lipoproteins, and LPS (Figure 3) . They can potentially facilitate host cell interactions deep in tissues that are not readily accessible to P. gingivalis whole cells accreted on the tooth root in a polymicrobial biofilm. OMVs can contribute to host colonization, evasion and dysregulation of immune defence mechanisms and may therefore have a key role in destruction of periodontal tissues.
IMMUNE RESPONSE AVOIDANCE
Studies on the role of OMVs in P. gingivalis' capability to evade specific host immune surveillance are largely limited to its major virulence factors, the gingipains associated with OMVs. The gingipains have been implicated in the dysregulation of the host's innate and adaptive immune responses. For example the gingipains can activate host proteinases (plasmin, thrombin), inactivate host proteinase inhibitors, activate cell PAR-2 receptors, cleave cell surface receptors and a range of cytokines and antibodies, promote vascular disruption and disarm the TLR2-MyD88 pathway blocking neutrophil phagocytosis (Duncan et al. 2004; Fleetwood et al. 2015; Hajishengallis et al. 2011; Lam et al. 2014; Maekawa et al. 2014; Vincents et al. 2011; Wong et al. 2010; Yongqing et al. 2011) . Specifically, P.
gingivalis OMVs can interfere with the protective action of human serum through the OMVassociated gingipains effective degradation of IgG, IgM and complement factor C3 (Grenier 1992 ). OMV-associated gingipains can also lead to hyporesponsiveness of macrophages to LPS by mediating cleavage of the LPS receptor CD14 which would decrease the cell's ability to trigger LPS-stimulated cytokine production (Duncan et al. 2004 ). Furthermore, OMVassociated gingipains have been shown to proteolytically degrade Jak proteins, crucial for signal transduction and membrane expression of major histocompatibility complex class I and II molecules induced by IFN-γ, resulting in the potential suppression of specific immune responses (Srisatjaluk et al. 2002) . This immunosuppression would help enhance the survival of OMVs in the tissue and P. gingivalis and the rest of the plaque community (polymicrobial biofilm) in the periodontal pocket. Biological activities of other OMV-associated virulence factors should give a more comprehensive picture of how P. gingivalis OMVs affect the host immune system.
INTERACTIONS WITH ENDOTHELIAL AND EPITHELIAL CELLS
The ability of OMV-associated gingipains to degrade intracellular, signal transduction Jak proteins suggests that P. gingivalis OMVs can be internalized by host endothelial cells (Srisatjaluk et al. 2002) . In this study Jak degradation most likely occurred following the rupture and release of OMVs from OMV-containing endosomes formed during their uptake by the endothelial cells (Srisatjaluk et al. 2002) . P. gingivalis OMVs have been shown to invade epithelial cells and two different internalization mechanisms have been proposed (Furuta et al. 2009b; Tsuda et al. 2005) The first internalization mechanism is proposed to be an actin-mediated pathway controlled by phosphatidylinositol 3-kinase, which is dependent on caveolin, dynamin and Rac1 but independent of clathrin (Tsuda et al. 2005) . P. gingivalis
OMVs may exploit host cell receptors, particularly α5β1 integrin, for adherence and to trigger F-actin polymerization that induces OMV cellular engulfment (Tsuda et al. 2005; Tsuda et al. 2008 ). This mechanism of entry into host cells is employed by many other bacteria such as E.
coli (Plancon et al. 2003) and S. aureus (Agerer et al. 2005 ). The second internalization mechanism is proposed to be fimbriae-dependent and mediated via a lipid raft endocytic pathway where OMVs are transported to lysosomes (Furuta et al. 2009b ). This second mechanism has been shown to be dependent on phosphatidylinositol 3-kinase and Rac1 and involves various regulatory GTPases, but is independent of clathrin and dynamin (Furuta et al. 2009b ). The differentiation factor influencing the internalization mechanism may be the size of the OMV particle as in one study (Tsuda et al. 2005 ) OMV-coated 1.0 mm fluorescent beads were used and in the other (Furuta et al. 2009b ) native OMVs 80 nm in diameter were used. Endocytic pathways have been shown previously to differ based on the size of the endocytic particle (Conner and Schmid 2003) . Hence, differential sizes of P. gingivalis vesicles could contribute to host-cell interaction heterogeneity. Larger vesicles with a doublebilayer structure produced by several Gram-negative bacteria, designated as outer-inner membrane vesicles have been recently reported (Pérez-Cruz et al. 2015; Pérez-Cruz et al. 2013 ). The mechanism of OMV biogenesis of these "vesicles" is likely to be different to that of classical small diameter OMVs. . Further studies are required to elucidate the exact molecular mechanisms of interaction and internalisation of P. gingivalis OMVs into host cells, considering that adhesion of P. gingivalis to host cells is multimodal (Lamont and Jenkinson 1998) and involves a variety of cell surface and extracellular components, including fimbriae, proteases, hemagglutinins, and LPS (Cutler et al. 1995) , which tend to be more abundant on OMVs (Haurat et al. 2011; Veith et al. 2014) . Notwithstanding the exact internalization mechanism, host cell invasion by P. gingivalis OMVs would definitely increase their sphere of influence.
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HOST TISSUE DESTRUCTION P. gingivalis OMVs are able to stimulate host tissue destruction by heightening inflammatory responses and impeding wound healing and regeneration ability of periodontal tissues and blood vessels. Stimulation of E-selectin and ICAM-1 membrane expression on vascular endothelial cells by P. gingivalis OMVs can induce acute inflammation characterized by the accumulation of a large number of neutrophils in the gingival connective tissue (Srisatjaluk et al. 1999) . Gingival inflammation can also be enhanced by P. gingivalis OMVs as they have been shown to stimulate nitric oxide production by macrophages (Imayoshi et al. 2011 ). The long survival period of P. gingivalis OMVs within lysosomes of host cells has been shown to result in degradation of cellular components and a significant impairment of cellular function. (Ferri and Kroemer 2001; Furuta et al. 2009a) . Specifically, degradation of the cellular transferrin receptor and integrin-related signalling molecules, such as paxillin and focal adhesion kinase, by P. gingivalis OMV-associated gingipains resulted in depletion of intracellular transferrin and inhibition of cellular migration (Furuta et al. 2009a ).
Consequently, wound healing and regeneration of periodontal tissues may potentially be hindered (Kato et al. 2007) . P. gingivalis OMVs have also been shown to inhibit fibroblast and endothelial cell proliferation in a dose-dependent manner, as well as suppress angiogenesis in vitro (Bartruff et al. 2005) . The small diameter OMVs are more likely to penetrate the junctional and sulcular epithelium than the larger whole cells so they could cause a dense network of convoluted varicose capillaries through suppression of vasculature remodelling (Bartruff et al. 2005) . This along with the host's attempt to revascularize would increase the number of degenerating blood vessels and compromise wound healing (Bartruff et al. 2005) .
20

CONCLUSION
OMVs are produced by Gram-negative bacteria, including P. gingivalis to perform various functions, particularly in secretion of active biomolecules, nutrient acquisition, biofilm development and pathogenesis, in relation to host-cell interaction and disease progression. A novel selective sorting mechanism of specific OMPs and lipids into P. gingivalis OMVs has been proposed involving A-LPS. Nevertheless, the mechanisms of many aspects of OMV biogenesis, especially in relation to the inclusion and exclusion of various biomolecules are still to be determined. Therefore, future studies on the proteins that are selectively enriched in P. gingivalis OMVs and determination of their roles in OMV biogenesis together with investigation of the role of P. gingivalis OMVs in biofilm formation and development will be of great value in understanding the key role of this bacterium in periodontitis. 
